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GRADIENT PROTECTION LAYER IN MTJ for the purpose of simplicity and clarity and does not in itself 
MANUFACTURING dictate a relationship between the various embodiments 

and / or configurations discussed . 
PRIORITY CLAIM AND CROSS - REFERENCE Further , spatially relative terms , such as “ underlying , ” 

5 “ below , ” “ lower , " " overlying , ” “ upper ” and the like , may be 
This application is a divisional of U.S. patent application used herein for ease of description to describe one element 

Ser . No. 16 / 170,750 , entitled “ Gradient Protection Layer in or feature's relationship to another element ( s ) or feature ( s ) 
MTJ Manufacturing , " filed on Oct. 25 , 2018 , which appli as illustrated in the figures . The spatially relative terms are 
cation is incorporated herein by reference . intended to encompass different orientations of the device in 

10 use or operation in addition to the orientation depicted in the 
BACKGROUND figures . The apparatus may be otherwise oriented ( rotated 90 

degrees or at other orientations ) and the spatially relative 
Semiconductor memories are used in integrated circuits descriptors used herein may likewise be interpreted accord 

for electronic applications , including radios , televisions , cell ingly . 
phones , and personal computing devices , as examples . One 15 Magneto - Resistive Random Access Memory ( MRAM ) 
type of semiconductor memory device is Magneto - Resistive cells and the methods of forming the same are provided in 
Random Access Memory ( MRAM ) , which involves spin accordance with some embodiments . The intermediate 
electronics that combines semiconductor technology and stages of forming the MRAM cells are illustrated in accor 
magnetic materials and devices . The spins of electrons , dance with some embodiments . Some variations of some 
through their magnetic moments , rather than the charge of 20 embodiments are discussed . Throughout the various views 
the electrons , are used to indicate bit values . and illustrative embodiments , like reference numbers are 
A typical MRAM cell may include a Magnetic Tunnel used to designate like elements . In accordance with some 

Junction ( MTJ ) stack , which includes a pinning layer , a embodiments of the present disclosure , protection layers are 
pinned layer over the pinning layer , a tunnel layer over the formed at various stages to protect the sidewalls of Magnetic 
pinned layer , and a free layer over the tunnel layer . During 25 Tunnel Junction ( MTJ ) stacks in the MRAM cells as well as 
the formation of the MRAM cell , a plurality of blanket the sidewalls of top and bottom electrodes , so that the 
layers are deposited first . The blanket layers are then pat electrical shorting caused by the re - sputtering occurring 
terned through a photo etching to form the MTJ stack . A cap during the etching of various layers is avoided . Furthermore , 
dielectric layer is then formed to include some portions on the formed protection layer ( s ) may act as cap dielectric 
the sidewalls , and possibly additional portions over the top 30 layers for protecting the sidewalls of the MTJ stacks , so that 
surface , of the MTJ stacks . The MTJ stack is protected by there is no need to form cap dielectric layers on the sidewalls 
the dielectric layer . of the MTJ stacks in some embodiments . cap 

FIGS . 1 through 12A illustrate the cross - sectional views 
BRIEF DESCRIPTION OF THE DRAWINGS of intermediate stages in the formation of MRAM cells in 

35 accordance with some embodiments of the present disclo 
Aspects of the present disclosure are best understood from sure . The processes shown in FIGS . 1 through 12A are also 

the following detailed description when read with the reflected schematically in the process flow shown in FIG . 
accompanying figures . It is noted that , in accordance with 13 . 
the standard practice in the industry , various features are not Referring to FIG . 1 , wafer 10 is formed . Wafer 10 may 
drawn to scale . In fact , the dimensions of the various 40 include a substrate ( not shown ) , which may be a semicon 
features may be arbitrarily increased or reduced for clarity of ductor substrate . The substrate may be formed of silicon , 
discussion . silicon germanium , III - V compound semiconductor , or the 
FIGS . 1 through 12A are cross - sectional views of inter- like . In accordance with some embodiments of the present 

mediate stages in the formation of some Magneto - Resistive disclosure , the substrate is a bulk silicon substrate . Active 
Random Access Memory ( MRAM ) cells in accordance with 45 devices ( not shown ) such as transistors and diodes and 
some embodiments . passive devices ( not shown ) such as capacitors , inductors , 
FIG . 12B illustrates a cross - sectional view of some and resistors may be formed in wafer 10. Dielectric layer 12 

MRAM cells in accordance with some embodiments . is formed over the substrate . In accordance with some 
FIG . 13 illustrates a process flow for forming MRAM embodiments of the present disclosure , dielectric layer 12 is 

cells in accordance with some embodiments . 50 a low - k dielectric layer having a k value lower than about 
3.0 , for example . Dielectric layer 12 may also be formed of 

DETAILED DESCRIPTION another dielectric material such as silicon oxide , silicon 
nitride , Phospho - Silicate Glass ( PSG ) , Boron Silicate Glass 

The following disclosure provides many different ( BSG ) , Boron - Doped Phospho - Silicate Glass ( BPSG ) , or 
embodiments , or examples , for implementing different fea- 55 the like . Conductive features 14 are formed in dielectric 
tures of the invention . Specific examples of components and layer 12. In accordance with some embodiments of the 
arrangements are described below to simplify the present present disclosure , conductive features 14 are metal lines 
disclosure . These are , of course , merely examples and are ( such as word lines or bit lines ) , metal vias , contact plugs , 
not intended to be limiting . For example , the formation of a doped semiconductor strips , or the like . Metal features 14 
first feature over or on a second feature in the description 60 may be formed of metals such as copper , aluminum , tung 
that follows may include embodiments in which the first and sten , cobalt , or the like , or metal alloys thereof . 
second features are formed in direct contact , and may also Over conductive features 14 may be etch stop layer 16 , 
include embodiments in which additional features may be dielectric layer 18 , and conductive vias 24. In accordance 
formed between the first and second features , such that the with some embodiments of the present disclosure , etch stop 
first and second features may not be in direct contact . In 65 layer 16 is formed of a dielectric layer that is different from 
addition , the present disclosure may repeat reference numer- the overlying dielectric layer 18. For example , etch stop 
als and / or letters in the various examples . This repetition is layer 16 may be formed of aluminum nitride , aluminum 
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oxide , silicon oxide , silicon nitride , silicon oxynitride , sili- RhMn , NiMn , PdPtMn , FeMn , Os , Mn , or the like . Pinned 
con carbide , or the like . Etch stop layer 16 may also be a layer 28B may be formed of a ferromagnetic material with 
composite layer formed of a plurality of dielectric layers . a greater coercivity field than top magnetic electrode layer 
For example , etch stop layer 16 may include a metal oxide 32 , and may be formed of materials such as cobalt iron 
layer , a metal nitride layer over the metal oxide layer , and 5 ( CoFe ) , cobalt iron boron ( CoFeB ) , or the like . In accor 
may or may not include a metal oxynitride layer or a metal dance with some embodiment , pinned layer 28B has a 
carbo - nitride layer over the metal nitride layer . Synthetic ferromagnetic ( SFM ) structure , in which the cou 

Dielectric layer 18 may be formed of silicon oxide pling between magnetic layers is ferromagnetic coupling . 
deposited using , e.g. , a Chemical Vapor Deposition ( CVD ) Magnetic electrode layer 28 may also adopt a Synthetic 
method with Tetra Ethyl Ortho Silicate ( TEOS ) as a precur- 10 Antiferromagnetic ( SAF ) structure including a plurality of 
sor . Dielectric layer 18 may be formed using PSG , BSG , magnetic metal layers separated by a plurality of non 
BPSG , Undoped Silicate Glass ( USG ) , Fluorosilicate Glass magnetic spacer layers . The magnetic metal layers may be 
( FSG ) , SIOCH , flowable oxide , a porous oxide , or the like , formed of Co , Fe , Ni , or the like . The non - magnetic spacer 
or combinations thereof in accordance with other embodi- layers may be formed of Cu , Ru , Ir , Pt , W , Ta , Mg , or the 
ments . Dielectric layer 18 may also be formed of a low - k 15 like . For example , Magnetic electrode layer 28 may have a 
dielectric material with a k value lower than about 3.0 , for Co layer and repeated ( Pt / Co ) , layers over the Co layer , with 
example . x representing repeating number and may be any integer 

Vias 24 are formed in dielectric layer 18 and penetrate equal to or greater than 1 . 
through etch stop layer 16. In accordance with some Tunnel barrier layer 30 may be formed of MgO , ALO , 
embodiments of the present disclosure , Vias 24 include 20 AIN , or the like . Tunnel barrier layer 30 may have a 
conductive barrier layers 20 and conductive regions 22 over thickness in the range between about 0.5 nm and about 3 nm . 
the bottom portion of conductive barrier layers 20. Conduc- Top magnetic electrode layer 32 may be formed of a 
tive barrier layers 20 may be formed of titanium , titanium ferromagnetic material such as CoFe , NiFe , CoFeB , 
nitride , tantalum , tantalum nitride , cobalt , or the like . Con- CoFeBW , or the like . Top magnetic electrode layer 32 may 
ductive regions 22 may be formed of metals such as copper , 25 also adopt a synthetic ferromagnetic structure , which is 
aluminum , tungsten , cobalt , or the like , or alloys of the similar to the SAF structure , with the thickness of the spacer 
metals . The formation of vias 24 may include etching layer adjusted to achieve the ferromagnetic coupling 
dielectric layer 18 and etch stop layer 16 to form via between the separated magnetic metals , i.e , causing the 
openings , forming a blanket conductive barrier layer extend- magnetic moment to be coupled in the same direction . The 
ing into the via openings , depositing a metallic material over 30 magnetic moment of top magnetic electrode layer 32 is 
the blanket conductive barrier layer , and performing a programmable , and the resistance of the resulting MTJ cell 
planarization process such as a Chemical Mechanical Polish is accordingly changed between a high resistance and a low 
( CMP ) process or a mechanical grinding process to remove resistance . It is realized that the materials and the structure 
excess portions of the blanket conductive barrier layer and of MTJ layers 34 may have many variations , which are also 
the metallic material . 35 within the scope of the present disclosure . For example , 
Next , a bottom electrode layer , a MTJ stack , and a top layers 28A , 28B , 30 , and 32 may be formed in an order 

electrode layer are formed . The respective process is illus- inversed from what is shown in FIG . 1. Accordingly , the free 
trated as process 202 in the process flow 200 shown in FIG . layer may be the bottom layer of MTJ layers 34 , while the 
13. Further referring to FIG . 1 , bottom electrode layer 26 is pinning layer may be the top layer . 
deposited . In accordance with some embodiments of the 40 Top electrode layer 36 is formed over MTJ layers 34. In 
present disclosure , bottom electrode layer 26 is formed as a accordance with some embodiments of the present disclo 
blanket layer , and may be formed using CVD , Physical sure , top electrode layer 36 is formed as a blanket layer , and 
Vapor Deposition ( PVD ) , Electro - Chemical Plating ( ECP ) , may be formed using CVD , PVD , ECP , electroless ( Eless ) 
Electroless plating , or the like . The material of bottom plating , or the like . The material of top electrode layer 36 
electrode layer 26 may include Cu , A1 , Ti , Ta , W , Pt , Ni , Cr , 45 may include aluminum , titanium , tantalum , tungsten , or the 
Ru , TiN , TAN , combinations thereof , and / or multi - layers like , alloys thereof , and / or multi - layers thereof . Top elec 
thereof . For example , bottom electrode layer 26 may include trode layer 36 may be used as a hard mask in the subsequent 
a titanium layer and a copper layer over the titanium layer . patterning of MTJ layer , and may include a conductive layer 

Over bottom electrode layer 26 , MTJ layers 34 are formed of TiN , Ta , TaN , Ti , Ru , W , Si , alloys thereof , and / or 
formed . In accordance with some embodiments of the pres- 50 multi - layers thereof . Top electrode layer may also include a 
ent disclosure , MTJ layers 34 include bottom magnetic dielectric layer over the conductive layer , and the dielectric 
electrode layer 28 , tunnel barrier layer 30 over bottom layer may include Tio , a TEOS oxide , amorphous carbon , 
magnetic electrode layer 28 , and top magnetic electrode photo resist , or other suitable material . 
layer 32 over tunnel barrier layer 30. Magnetic electrode Over top electrode layer 36 , a tri - layer is formed , which 
layer 28 may include pinning layer 28A and pinned layer 55 includes bottom layer 38 ( sometimes referred to as a under 
28B over and contacting pinning layer 28A . Top magnetic layer ) , middle layer 40 over bottom layer 38 , and top layer 
electrode layer 32 may include a free layer . The neighboring 42 over middle layer 40. In accordance with some embodi 
layers in layers 28 , 30 , and 32 may also be in physical ments of the present disclosure , bottom layer 38 is formed 
contact with each other . Bottom magnetic electrode layer 28 , of a photo resist . Furthermore , bottom layer 38 is cross 
tunnel barrier layer 30 , and top magnetic electrode layer 32 60 linked , and hence is different from typical photo resists used 
may be deposited using one or more deposition methods for light exposure . Bottom layer 38 may function as a 
such as , CVD , PVD , ALD , or the like . Bottom Anti - Reflective Coating ( BARC ) when top layer 42 

Pinning layer 28A may be formed of a metal alloy is light - exposed . 
including manganese ( Mn ) and another metal ( s ) such as Middle layer 40 may be formed of a material including 
platinum ( Pt ) , iridium ( Ir ) , rhodium ( Rh ) , nickel ( Ni ) , pal- 65 silicon and oxygen , which may be SiON , for example , while 
ladium ( Pd ) , iron ( Fe ) , osmium ( Os ) , or the like . Accord- other similar materials may be used . Top layer 42 is formed 
ingly , pinning layer 28A may be formed of PtMn , IrMn , of a photo resist . Top layer 42 is coated as a blanket layer , 
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and is then patterned in a photo lithography process using a etched in the same process for etching magnetic electrode 
photo lithography mask . In a top view of wafer 10 , the layer 32 , and is etched using the same etching gas for etching 
remaining portions of top layer 42 may be arranged as an magnetic electrode layer 32. In accordance with alternative 
array . embodiments , tunnel barrier layer 30 may be etched using 

In subsequent steps , the patterned top layer 42 is used as 5 different etching gases than etching magnetic electrode layer 
an etching mask to etch and pattern the underlying middle 32 . 
layer 40 and bottom layer 38. The patterned top layer 42 may In accordance with some embodiments of the present 
be consumed in the etching process . The resulting structure disclosure , the etching process gas includes Ar , Kr , Ne , 02 , 
is illustrated in FIG . 2. In a subsequent step , the patterned Xe , He , Methanol , or combinations thereof . In accordance 
middle layer 40 and bottom layer 38 are used as an etching 10 with some embodiments of the present disclosure , the etch 
mask to etch the underlying top electrode layer 36 , forming ing is performed with the source power in the range between 
top electrodes 36 ' . The respective process is illustrated as about 200 Watts and about 1,500 Watts if IBE is used , or in 
process 204 in the process flow 200 shown in FIG . 13. The the range between about 900 Watts and about 2,000 Watts if 
resulting top electrodes 36 ' are illustrated in FIG . 3. The RIE is used . The bias voltage may be in the range between 
etching method may include a plasma etching method , 15 about 50 volts and about 1,500 volts if RIE is used . If IBE 
which may include reactive Ion Beam Etching ( IBE ) . The is used , the grid voltage may be in the range between about 
etching may be implemented using Glow Discharge Plasma 50 volts and about 1,500 voltages also . 
( GDP ) , Capacitive Coupled Plasma ( CCP ) , Inductively After the etching of tunnel barrier layer 30 , magnetic 
Coupled Plasma ( ICP ) , or the like . After the etching process , electrode layer 28 is exposed . In accordance with some 
the remaining portions of bottom layer 38 and middle layer 20 embodiments of the present disclosure , process is controlled 
40 ( if remaining , FIG . 2 ) are removed . to stop as soon as magnetic electrode layer 32 is fully etched 

In accordance with some embodiments of the present and tunnel barrier layer 30 is etched - through . In accordance 
disclosure , Reactive Ion Etching ( RIE ) , rather than IBE , with alternative embodiments of the present disclosure , 
may be used in the etching of top electrode layer 36 and process is controlled so that magnetic electrode layer 32 is 
underlying layers . RIEs are performed in different tools than 25 slightly etched , so that a small portion of sidewall is 
the formation of protection layers , as will be discussed in exposed . Due to process variations or due to the intended 
subsequent paragraphs . light etching , magnetic electrode layer 28 may be recessed 

In subsequent process steps , a plurality of etching pro- slightly . In accordance with some embodiments of the 
cesses and passivation processes are performed , as illus- present disclosure , recess depth D1 in magnetic electrode 
trated in FIGS . 4 through 9. In accordance with some 30 layer 28 is smaller than about 3 nm , and may be in the range 
embodiments of the present disclosure , the processes as between about 0 nm and about 5 nm . 
illustrated in FIGS . 4 through 9 are in - situ performed in the After the etching of magnetic electrode layer 32 and 
same etching ch oer , which is a vacuum chamber under tunnel barrier layer 30 , process conditions are changed 
vacuum conditions . The etching chamber is schematically perform a first passivation process on the exposed features . 
illustrated as chamber 39 in FIG . 4 , but is not shown in 35 Accordingly , a first protection layer 46 is formed on the 
FIGS . 5 through 9 , although these processes may also be exposed surfaces of the exposed features including magnetic 
performed in etching chamber 39. Furthermore , there may electrode layer 28 , tunnel barriers 30 ' , magnetic electrodes 
not be vacuum break in these processes . Alternatively stated , 32 ' , and top electrodes 36 ' . The respective process is illus 
from the beginning of the process shown in FIG . 4 to the end trated as process 208 in the process flow 200 shown in FIG . 
of the process shown in FIG . 9 , there may not be vacuum 40 13. In accordance with some embodiments of the present 
break . Rather , the change from one process to another disclosure , the first passivation process is performed in the 
process is achieved by adjusting process conditions such as same process chamber as the etching of magnetic electrode 
changing ( and / or adjusting the flow rates of ) process gases layer 32 and tunnel barrier layer 30 , with no vacuum break 
and adjusting powers / voltages . The adjusted powers / volt- therebetween . The process gases for the passivation may 
ages may include the source power ( sometimes referred to as 45 include an oxygen - containing gas , a nitrogen - containing 
coil power ) when the IBE is used . The adjusted powers / gas , a carbon - containing gas , or the combinations of these 
voltages may also include beam accelerator voltage ( grid process gases . For example , the process gases may include 
voltage ) if IBE is used for etching , or bias voltage if RIE is one or more of O2 , N2 , CO , CO2 , CH2OH , or combinations 
used for etching . In accordance with other embodiments , thereof . The process gases may also include a carrier gas 
there may be vacuum breaks between these processes , and 50 such as Ar , Ne , Kr , Xe , He , or the like , or combinations 
some of these processes may be performed in process thereof . 
chambers other than the etching chamber 39 . The first passivation process may be performed using a 
As an initial process of the plurality of etching processes process similar to an etching process , except that the bias 

and passivation processes , wafer 10 as illustrated in FIG . 3 power is adjusted to be very low , so that the etching effect 
is first placed into the etching chamber 39 ( FIG . 4 ) . Next , 55 is low , and protection layer 46 is formed . Plasma is gener 
magnetic electrode layer 32 is etching using top electrodes ated from the process gases , so that at least one , or more , of 
36 ' as an etching mask . The respective process is illustrated an oxidation process , a nitridation process , and a carbon 
as process 206 in the process flow 200 shown in FIG . 13 . ation process is resulted , depending on whether the process 
The etching may be performed using reactive ion beam gases include oxygen , nitrogen , and carbon , respectively , or 
etching , which may involve GDP , ICP , CCP , or the like . As 60 not . In accordance with some embodiments of the present 
a result of the etching process , magnetic electrode layer 32 disclosure , IBE process ( and tool ) is used , and the first 
is etched - through , forming magnetic electrodes 32 ' . After passivation process is performed with the beam accelerator 
the etching of magnetic electrode layer 32 , tunnel barrier voltage being in the range between about 50 volts and about 
layer 30 is etched to form tunnel barriers 30 ' . The respective 200 volts . The bias energy cannot be too low or too high . If 
process is also illustrated as process 206 in the process flow 65 the bias energy is too low , the passivation process is too 
200 shown in FIG . 13. In accordance with some embodi- slow , and if the bias energy is too high , the formed protection 
ments of the present disclosure , tunnel barrier layer 30 is layer ( if any ) may be bombarded , and may be removed by 
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the bombardment . In accordance with some embodiments of gases include Ar , Kr , Ne , O2 , Xe , He , Methanol , or combi 
the present disclosure , the bias energy is adjusted to be the nations thereof . In accordance with some embodiments of 
range between about 50 eV and about 200 eV . The first the present disclosure , the etching is performed with main 
passivation is performed tilted , so that the sidewall portions power ( for generating plasma ) in the range between about 
of the stacked layers are passivated . Ions may impact wafer 5 200 Watts and about 1,500 Watts . The bias energy may be in 
10 with tilt angle al . Tilt angle al may be greater than about the range between about 50 eV and about 1,500 eV . 
20 degrees , and may be in the range between about 10 The etching may cause the re - sputtering of the metallic 
degrees and about 45 degrees . The tilted first passivation material of magnetic electrode layer 28 , and the re - sputtered 
may be performed from opposite directions , as illustrated by material may be deposited on the surfaces of protection layer 
arrows 48 shown in FIG . 5. Furthermore , if viewed from the 10 46. The re - sputtered material is schematically illustrated as 
top of wafer 10 , the tilted passivation may include four tilted 52 in FIG . 6. It is appreciated that the formation of protec 
passivation processes , each tilting in a direction . For tion layer 46 advantageously prevents the re - sputtered 
example , assuming in a plane parallel to the major top metallic material from being deposited in the regions 
surface of wafer 10 , the illustrated two tilted passivation marked as 50. If the re - sputtered metallic material is depos 
processes are tilted in + X and -X directions , then the other 15 ited in regions 50 , these portions of the re - sputtered metallic 
two tilted passivation processes can be performed in + Y and material may electrically short magnetic electrodes 28 ' to the 
-Y directions ( not shown ) , which are perpendicular to the corresponding overlying magnetic electrodes 32 ' , causing 
+ X and -X direction in the top view of wafer 10. This may degradation , and possibly failure , of the resulting MTJS 
be achieved , for example , by tilting the electrostatic chuck since the resistance of the resulting MTJs 34 ' will always be 
on what wafer 10 is placed , and rotating the electrostatic 20 lower than what they should be . With the formation of 
chuck , so that the tilted passivation may be achieved from all protection layer 46 , the re - sputtered portions of the metallic 
tilting directions including the + X , -X , + Y , and -Y direc- material are not able to electrically short magnetic electrodes 
tions . Additional tilt implantations may also be added to 28 to the corresponding overlying magnetic electrodes 32 ' . 
implant in the + X , -X , + Y , and -Y directions , but not in The reliability of the resulting MTJs 34 ' is thus improved . 
other directions , and wafer is not rotated during the addi- 25 FIG . 7 illustrates the formation of a second protection 
tional tilt implantations . layer 54 in a second passivation process , wherein the second 

The resulting protection layer 46 is a dielectric layer , passivation process is illustrated by arrows 60. The respec 
which is formed due to the reaction of the respective process tive process is illustrated as process 212 in the process flow 
gas with the surface layers of the exposed features 28 , 30 ' , 200 shown in FIG . 13. The resulting protection layer 54 
32 ' , and 36 ' , which surface layers are oxidized , nitridated , 30 includes portions on the exposed portions of bottom elec 
and / or carbonized , depending on whether the process gases trode layer 26 , sidewalls of magnetic electrodes 28 ' , side 
include oxygen , nitrogen , and carbon , respectively . The walls of tunnel barriers 30 ' , and the sidewalls and top 
composition of protection layer 46 may be identified , for surfaces of top electrodes 36 ' . It is appreciated that although 
example , using Energy - dispersive X - ray spectroscopy protection layers 54 and 46 are illustrated as separate layers , 
( EDX ) , Electron energy - loss spectroscopy ( EELS ) , Auger 35 these two layers may merge since the elements added in the 
Electron Spectroscopy ( AES ) , or the like . The portions of second protection layer may diffuse into protection layer 46 . 
protection layer 46 on the surfaces of magnetic layer 28 may Furthermore , since the elements introduced in the second 
include the elements ( such as Pt , Mn , Ir , Rh , Ni , Pd , Fe , Co , passivation process may be the same as ( or different from ) 
or B , for example ) in magnetic layer 28 and one or more of the elements introduced in the first passivation process , 
O , N , C , and the like . The portions of protection layer 46 on 40 protection layers 46 and 54 may or may not be distinguish 
the surfaces of tunnel barriers 30 ' may include the elements able through analyzing their compositions . The resulting 
( Al or Mg , for example ) in tunnel barriers 30 ' and one or effect is that the top portions of the protection layers 46 and 
more of O , N , C , and the like . The portions of protection 54 in combination have thicknesses T2 greater than thick 
layer 46 on the surfaces of magnetic electrodes 32 ' may ness T1 of protection layer 46 alone . In accordance with 
include the elements ( such as Fe , Co , or B , for example ) in 45 some embodiments of the present disclosure , thickness T2 is 
magnetic electrode layer 32 and one or more of O , N , C , and in the range between about 1 nm and about 5 nm . The lower 
the like . The portions of protection layer 46 on the surfaces portions of protection layer 54 has thickness T3 , which is the 
of top electrodes 36 ' may include the elements ( such as Cu , thickness of protection layer 54 alone , and thickness T3 may 
W , Ti , Ta , or the like ) in top electrodes 36 ' and one or more be in the range between about 0.5 nm and about 3 nm . In the 
of O , N , C , and the like . Accordingly , although illustrated as 50 second passivation process , the re - sputtered material 52 
a continuous layer , protection layer 46 may have different ( FIG . 6 ) will also be converted into a dielectric material and 
compositions in different portions . The thickness T1 of form portions of protection layer 54. Furthermore , thickness 
protection layer 46 may be in the range between about 0.5 T2 is greater than thicknesses Ti and T3 . In accordance with 
nm and about 3 nm in accordance with some embodiments . some embodiments of the present disclosure , thickness 
Next , bottom magnetic electrode layer 28 is etched , and 55 difference ( T2 - T1 ) is greater than about 2 nm , and may be 

magnetic electrodes 28 ' are formed . The resulting structure in the range between about 0.5 nm and about 2 nm . 
is shown in FIG . 6. The respective process is illustrated as The process gases in the second passivation process may 
process 210 in the process flow 200 shown in FIG . 13 . be selected from the same group of candidate gases used for 
Accordingly , MTJS 34 ' are formed , with each of the MTJS the first passivation process . In addition , the process gases of 
34 ' including bottom magnetic electrode 28 ' and the corre- 60 the second passivation process , although selected from the 
sponding overlying tunnel barrier 30 ' and top magnetic same group candidate process gases , may be the same or 
electrode 32 ' . The horizontal portions of protection layer 46 different from the process gases used in the first passivation 
are also etched in the respective etching process . Bottom process . For example , in the first passivation process , more 
electrode layer 26 is then exposed . The etching may be oxygen may be used , and the process gases may have less 
performed using an ion beam etching process ( such as a 65 nitrogen than the first passivation process , or may be free 
reactive ion etching process ) . In accordance with some from nitrogen . The process conditions of the second passi 
embodiments of the present disclosure , the etching process vation process may also be similar to the first passivation 

a 



a 

US 11,411,176 B2 
9 10 

process , for example , with similar main power range and Thickness difference ( T4 - T6 ) is greater than about 1 nm , 
similar bias energy range . The second passivation process and may be in the range between about 1 nm and about 5 nm . 
may also be tilteds , with tilt angle a2 in the similar range as The process gases used for the third passivation process 
tilt angle al ( FIG . 5 ) . may be selected from the same group of candidate gases for 

In a subsequent process , bottom electrode layer 26 is 5 the first and the second passivation processes . In addition , 
etched to form bottom electrodes 26 ' . The resulting structure the process gases of the third passivation process , although 
is shown in FIG . 8. The respective process is illustrated as selected from the same group candidate process gases as the 
process 214 in the process flow 200 shown in FIG . 13. The first and the second passivation processes , may be the same 
horizontal portions of protection layer 54 are also etched in or different from the process gases used in the first passi 
the respective etching process . Dielectric layer 18 is thus 10 vation process and / or the second passivation process . 
exposed . The etching may be performed using an ion beam In accordance with alternative embodiments , instead of 
etching process ( such as a reactive ion etching process ) . In performing both the second passivation process and the third 
accordance with some embodiments of the present disclo- passivation process , the second passivation process is 
sure , the etching process gases include Ar , Kr , Ne , 02 , Xe , skipped , and the third passivation process is performed . 
He , Methanol , or combinations thereof . In accordance with 15 Accordingly , at the time of the third passivation process is 
some embodiments of the present disclosure , the etching is started , the sidewalls of magnetic electrodes 28 ' and bottom 
performed with main power ( for generating plasma ) in the electrodes 26 ' are both exposed , and hence the resulting 
range between about 200 Watts and about 1,500 Watts . The protection layer 58 is in contact with the sidewalls of both 
bias energy may be in the range between about 50 eV and magnetic electrodes 28 ' and bottom electrodes 26 ' . In accor 
about 1,500 eV . 20 dance with some embodiments , only one of protection layers 

The etching of bottom electrode layer 26 includes a main 46 , 54 , and 58 is formed , all three protection layers 46 , 54 , 
etching process , in which bottom electrode layer 26 is and 58 is formed , or two of the protection layers 46 , 54 , and 
etched - through and at least some portions of dielectric layer 58 are formed in any combination . 
18 are exposed . When the signal of the elements in dielectric As aforementioned , the processes as shown in FIGS . 4 
layer 18 is detected , an over - etching ( or trimming ) is per- 25 through 9 may be performed in a same etching chamber , 
formed , which may be performed using time mode ( etching with no vacuum break therebetween . In accordance with 
for a pre - determined period of time ) . In the etching of alternative embodiments , some or all of these processes may 
bottom electrode layer 26 , the material of bottom electrode be performed in different process chambers , with vacuum 
layer 26 may also be re - sputtered . With the formation of break therebetween . In a subsequent process , wafer 10 may 
protection layers 46 and 54 , the re - sputtered material will 30 be removed from the etching chamber , in which processes as 
not be able to contact MTJS 34 ' , and hence will not be able shown in FIGS . 4 through 9 are performed . Since the third 
to degrade MTJs 34 ' . As a result of the over - etching process , passivation process may be performed or may not be per 
dielectric layer 18 may be recessed , forming recesses 56 . formed , when wafer 10 is retrieved from the etching cham 
FIG . 9 illustrates a third passivation process 60 in accor- ber , the sidewalls of bottom electrodes 26 ' may be covered 

dance with some embodiments of the present disclosure , 35 by protection layer 58 , or may be exposed . 
which forms protection layer 58. The respective process is FIG . 10 illustrates the formation of cap dielectric layer 62 
illustrated as process 216 in the process flow 200 shown in in accordance with some embodiments . The respective pro 
FIG . 13. In accordance with other embodiments of the cess is illustrated as process 218 in the process flow 200 
present disclosure , the third passivation process is skipped , shown in FIG . 13. In accordance with some embodiments of 
and the subsequently formed cap dielectric layer 62 ( FIG . 40 the present disclosure , cap dielectric layer 62 is formed of 
12A ) is in contact with the sidewalls of bottom electrodes silicon nitride , silicon oxynitride , or the like . The formation 
26 ' . Accordingly , protection layer 58 is illustrated using process may be a CVD process , an ALD process , a Plasma 
dashed lines to indicate that it may be or may not be formed . Enhance CVD ( PECVD ) process , or the like . Dielectric 
The resulting protection layer 58 includes portions on the layer 62 has the function of protecting MTJs 34 ' and the 
exposed portions of bottom electrodes 26 ' , sidewalls of 45 overlying and underlying electrodes from being degraded by 
magnetic electrodes 28 ' , and the sidewalls and top surfaces detrimental substance such as chemicals and moisture . In 
of top electrodes 36 ' . It is appreciated that although protec- accordance with alternative embodiments in which protec 
tion layer 58 , 54 , and 46 are illustrated as separate layers , tion layers 46 , 54 , and 58 are dense enough and thick 
these layers may merge since the elements added in the third enough , and are adequate for preventing the detrimental 
protection layer are also diffused into protection layers 46 50 substances from reaching MTJs 34 ' , cap dielectric layer 62 
and 54. The resulting effect is that the top portions of the may be skipped . For example , when thickness T4 , T5 , and 
protection layers 58 , 46 , and 54 in combination have thick- T6 as in FIG . 9 are greater than about 2 nm , cap dielectric 
nesses T4 greater than thickness T2 ( FIG . 7 ) . In accordance layer 62 is not formed . Accordingly , cap dielectric layer 62 
with some embodiments of the present disclosure , thickness is illustrated using dashed lines to indicate that it may be or 
T4 is in the range between about 1.5 nm and about 7 nm . The 55 may not be formed . Skipping cap dielectric layer 62 has the 
lower portions of protection layer 54 and 46 in combination advantageous features of leaving more spaces for the sub 
have thickness T5 , which may be in the range between about sequent gap - filling process as shown in FIG . 11 , and the 
1 nm and about 5 nm . The lower portions of protection layer gap - filling is more reliable to fill the gaps fully . This also 
58 have thickness T6 , which may be in the range between results in the possibility of further shrinking the pitches of 
about 0.5 nm and about 3 nm . Furthermore , thickness T4 is 60 the MRAM cells . 
greater than thickness T5 , which is further greater than FIG . 11 illustrates a gap - filling process , in which dielec 
thickness T6 of protection layer 58 alone . In accordance tric material 64 is filled into the gaps between MTJs 34 ' . The 
with some embodiments of the present disclosure , thickness respective process is illustrated as process 220 in the process 
difference ( T4 - T5 ) is greater than about 0.5 nm , and may be flow 200 shown in FIG . 13. Dielectric material 64 may be a 
in the range between about 0.5 nm and about 2 nm . Thick- 65 TEOS oxide , PSG , BSG , BPSG , USG , FSG , SIOCH , flow 
ness difference ( T5 - T6 ) is greater than about 0.5 nm , and able oxide , a porous oxide , or the like , or combinations 
may be in the range between about 0.5 nm and about 3 nm . thereof . Dielectric material 64 may also be formed of a 
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low - k dielectric material . The formation method may bottom magnetic electrode layer . In an embodiment , the 
include CVD , PECVD , ALD , FCVD , spin - on coating , or the method further comprises , after the second passivation pro 
like . After the gap - filling process , a planarization process cess , etching the bottom electrode layer ; and performing a 
such as a CMP process or a mechanical grinding process third passivation process to form a third protection layer , 
may be performed . The planarization process may be 5 wherein the third protection layer extends on sidewalls of a 
stopped on the top surface of cap dielectric layer 62 or the remaining portion of the bottom electrode layer . In an 
top surfaces of top electrodes 36 ' . MRAM cells 100 are thus embodiment , the patterning the MTJ stack layers is per 
formed . formed in an etching chamber , and the first passivation 
FIG . 12A illustrates the structure after the formation of process is performed in the etching chamber . In an embodi 

conductive features 72 , which may be vias , conductive lines 10 ment , the patterning the MTJ stack layers and the first 
( such as word lines or bit lines ) , or the like . In accordance passivation process are in - situ performed without vacuum 
with some embodiments of the present disclosure , conduc- break therebetween . In an embodiment , the first passivation 
tive features 72 include barrier layers 68 and conductive process comprises tilted treatments using the process gas , 
regions 70 over barrier layer 68. Conductive barrier layers with the tilted treatments tilted in opposite directions . In an 
68 may be formed of titanium , titanium nitride , tantalum , 15 embodiment , the process gas is selected from the group 
tantalum nitride , cobalt , or the like . Conductive regions 70 consisting of O , N , CO , CO2 , CH , OH , and combinations 
may be formed of metals such as copper , aluminum , tung- thereof , with plasma turned on in the first passivation 
sten , cobalt , or the like , or alloys of the metals . Conductive process , and a bias power applied . In an embodiment , the 
features 72 are formed in dielectric layer 74. Conductive method further comprises depositing a blanket dielectric 
features 72 penetrate through the dielectric portions ( if any ) 20 layer , wherein the blanket dielectric layer comprises por 
of the top electrodes 36 ' ( if any is remaining ) to contact the tions on opposite sides of the first protection layer ; and 
conductive portions of top electrodes 36 ' . depositing a gap - filling dielectric material on the blanket 
FIG . 12B illustrates the MRAM cells 100 in accordance dielectric layer . In an embodiment , the method further 

with alternative embodiments . These embodiments are simi- comprises depositing a gap - filling dielectric material , with 
lar to the embodiments as shown in FIG . 12A , except that 25 no blanket dielectric being formed using deposition between 
the cap dielectric layer 62 as shown in FIG . 12A is not the gap - filling dielectric material and the MTJ . 
formed , and hence dielectric layer 64 is in contact with In accordance with some embodiments of the present 
protection layer ( s ) 54 or 58 ( depending on which passivation disclosure , a method comprises etching a top electrode layer 
process is skipped or not skipped ) . to form a top electrode ; etching a top magnetic electrode 

The embodiments of the present disclosure have some 30 layer underlying the top electrode layer to form a top 
advantageous features . By forming protection layers in magnetic electrode ; etching a tunnel barrier layer underlying 
certain patterning steps of the MTJ formation process , the the top magnetic electrode layer to form a tunnel barrier ; 
re - sputter occurring in the etching processes of some layers performing a first passivation process on sidewalls of the top 
does not affect the reliability of the MRAM cells . The electrode , the top magnetic electrode , and the tunnel barrier 
protection layers may be formed in the same process cham- 35 to form a first protection layer ; etching a bottom magnetic 
ber for etching processes , and hence the manufacturing cost electrode layer underlying the tunnel barrier to form a 
is low . Furthermore , the resulting protection layers may be bottom magnetic electrode ; and performing a second passi 
dense and thin , and hence there is no need to form dielectric vation process on sidewalls of the bottom magnetic elec 
layer to protect the MRAM cells , making the gap - filling trode to form a second protection layer , wherein each of the 
process less difficult , and the further shrinking of the 40 first passivation process and the second passivation process 
MRAM array becomes possible . comprises a process selected from the group consisting of an 

In accordance with some embodiments of the present oxidation process , a carbonization process , a nitridation 
disclosure , a method comprises forming MTJ stack layers process , and combinations thereof . In an embodiment , the 
comprising depositing a bottom electrode layer ; depositing first passivation process comprises oxidizing surface por 
a bottom magnetic electrode layer over the bottom electrode 45 tions the top magnetic electrode , the top magnetic electrode , 
layer ; depositing a tunnel barrier layer over the bottom and the tunnel barrier to form a metal oxide . In an embodi 
magnetic electrode layer , depositing a top magnetic elec- ment , the first passivation process comprises nitridating 
trode layer over the tunnel barrier layer ; and depositing a top surface portions the top magnetic electrode , the top mag 
electrode layer over the top magnetic electrode layer ; pat- netic electrode , and the tunnel barrier to form a metal nitride . 
terning the MTJ stack layers to form a MTJ ; and performing 50 In an embodiment , the first passivation process comprises 
a first passivation process on a sidewall of the MTJ to form carbonating surface portions the top magnetic electrode , the 
a first protection layer , wherein the first passivation process top magnetic electrode , and the tunnel barrier to form a 
comprises reacting sidewall surface portions of the MTJ metal carbide . In an embodiment , the method further com 
with a process gas comprising elements selected from the prises etching a bottom electrode layer underlying the bot 
group consisting of oxygen , nitrogen , carbon , and combi- 55 tom magnetic electrode to form a bottom electrode ; and 
nations thereof . In an embodiment , the patterning the MTJ performing a third passivation process on sidewalls of the 
stack layers comprises : etching the top electrode layer , the bottom electrode to form a third protection layer . In an 
top magnetic electrode layer , and the tunnel barrier layer , embodiment , when the second passivation process is per 
wherein the first passivation process is performed after the formed , the first protection layer is exposed . 
top electrode layer , the top magnetic electrode layer , and the 60 In accordance with some embodiments of the present 
tunnel barrier layer are etched , and before at least a majority disclosure , a device comprises a MTJ stack comprising a 
of the bottom magnetic electrode layer is etched . In an bottom electrode ; a bottom magnetic electrode over the 
embodiment , the method further comprises , after the first bottom electrode ; a tunnel barrier over the bottom magnetic 
passivation process , etching the bottom magnetic electrode electrode ; a top magnetic electrode over the tunnel barrier ; 
layer ; and performing a second passivation process to form 65 and a top electrode over the top magnetic electrode ; a 
a second protection layer , wherein the second protection dielectric protection layer on a sidewall of the MTJ , wherein 
layer extends on sidewalls of a remaining portion of the the dielectric protection layer comprises : a first portion on a 
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sidewall of the top magnetic electrode , wherein the first 5. The device of claim 4 further comprising a conductive 
portion comprises materials of the top magnetic electrode feature over and contacting the top electrode , wherein the 
and additional elements ; a second portion on a sidewall of conductive feature penetrates through the dielectric protec 
the tunnel barrier , wherein the second portion comprises tion layer . 
materials of the tunnel barrier and the additional elements ; 5 6. The device of claim 1 , wherein the first additional 
and a third portion on a sidewall of a top portion of the element and the second additional element are a same 
bottom magnetic electrode , wherein the third portion com element selected from oxygen , carbon , and nitrogen , and prises materials of the bottom magnetic electrode and the combinations thereof . 
additional elements . In an embodiment , the dielectric pro 7. The device of claim 1 , wherein the first additional tection layer further comprises a fourth portion on a sidewall 10 element and the second additional element are different of a middle portion and a bottom portion of the bottom elements selected from oxygen , carbon , and nitrogen . magnetic electrode , wherein the fourth portion has a thick 8. The device of claim 1 , wherein the third portion of the ness smaller than thicknesses of the first portion and the 
second portion . In an embodiment , the dielectric protection dielectric protection layer extends to a bottom surface of the 

bottom electrode . layer further comprises a fifth portion on a sidewall of the 15 
bottom electrode , wherein the fifth portion has a thickness 9. The device of claim 1 , wherein the dielectric protection 
smaller than the thickness of the fourth portion . In an layer has a bottom higher than a bottom surface of the 
embodiment , the additional elements are selected from the bottom electrode . 
group consisting of oxygen , carbon , nitrogen , and combi- 10. A device comprising : 
nations thereof . a bottom electrode ; 

The foregoing outlines features of several embodiments a top electrode over the bottom electrode , wherein the top 
so that those skilled in the art may better understand the electrode comprises a first material ; 
aspects of the present disclosure . Those skilled in the art a Magnetic Tunnel Junction ( MTJ ) between the bottom 
should appreciate that they may readily use the present electrode and the top electrode , the MTJ comprising : 
disclosure as a basis for designing or modifying other 25 a bottom magnetic electrode over the bottom electrode ; 
processes and structures for carrying out the same purposes a tunnel barrier over the bottom magnetic electrode ; 
and / or achieving the same advantages of the embodiments and 
introduced herein . Those skilled in the art should also realize a top magnetic electrode over the tunnel barrier ; and 
that such equivalent constructions do not depart from the a first protection layer on a surface of the MTJ , wherein 
spirit and scope of the present disclosure , and that they may 30 the first protection layer comprises a compound of a 
make various changes , substitutions , and alterations herein material of the MTJ and a first element , wherein the 
without departing from the spirit and scope of the present first element is selected from the group consisting of 
disclosure . oxygen , nitrogen , carbon , and combinations thereof , 
What is claimed is : and wherein the first protection layer comprises an 
1. A device comprising : inner surface contacting the MTJ , and an outer surface 
a Magnetic Tunnel Junction ( MTJ ) stack comprising : opposing to the inner surface , and wherein both of the 

a bottom electrode ; material of the MTJ and the first element extend from 
a bottom magnetic electrode over the bottom electrode ; the inner surface to the outer surface . 
a tunnel barrier over the bottom magnetic electrode ; 11. The device of claim 10 , wherein the first protection 
a top magnetic electrode over the tunnel barrier ; and 40 layer contacts sidewalls of the top magnetic electrode , the 
a top electrode over the top magnetic electrode ; tunnel barrier , and a top portion of the bottom magnetic 

a dielectric protection layer on a sidewall of the MTJ , electrode . 
wherein the dielectric protection layer comprises : 12. The device of claim 10 , wherein the first protection 
a first portion on a sidewall of the top magnetic layer has a bottom lower than the tunnel barrier , and higher 

electrode , wherein the first portion comprises first 45 than a bottom surface of the bottom magnetic electrode . 
materials of the top magnetic electrode and a first 13. The device of claim 10 further comprising a second 
additional element ; protection layer on the first protection layer , wherein the 

a second portion on a sidewall of the barrier tunnel , second protection layer comprises the material of the MTJ 
wherein the second portion comprises second mate- and a second element different from the first element . 
rials of the barrier tunnel and a second additional 50 14. The device of claim 13 , wherein the second protection 
element ; and layer extends lower than the first protection layer . 

a third portion on a sidewall of a top portion of the 15. The device of claim 13 , wherein the second protection 
bottom magnetic electrode , wherein the third portion layer extends lower than a bottom surface of the bottom 
comprises third materials of the bottom magnetic magnetic electrode . 
electrode and a third additional element . 16. A device comprising : 

2. The device of claim 1 , wherein the third portion of the a Magnetic Tunnel Junction ( MTJ ) comprising : 
dielectric protection layer further extends to a level lower a bottom magnetic electrode ; 
than a bottom surface of the bottom magnetic electrode , a tunnel barrier over the bottom magnetic electrode ; 
wherein the third portion has a thickness smaller than and 
thicknesses of the first portion and the second portion . a top magnetic electrode over the tunnel barrier ; and 

3. The device of claim 2 , wherein the dielectric protection a protection layer extending on a sidewall of the MTJ , 
layer further comprises a fourth portion on a sidewall of the wherein the protection layer comprises a first portion 
bottom electrode , wherein the fourth portion has a thickness contacting a sidewall of the top magnetic electrode , and 
smaller than the thickness of the third portion . the first portion comprises a first compound material of : 

4. The device of claim 1 , wherein the dielectric protection 65 a doping element selected from the group consisting of 
layer extends on , and forms a horizontal interface with , a top oxygen , nitrogen , carbon , and combinations thereof ; 
surface of the top electrode . and 
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all elements of the top magnetic electrode , wherein 
both of the doping element and the all elements of 
the top magnetic electrode are distributed throughout 
the first portion . 

17. The device of claim 16 , wherein the protection layer 5 
further comprises a second portion contacting a sidewall of 
a lower portion of the bottom magnetic electrode , wherein 
the second portion is thinner than the first portion . 

18. The device of claim 16 , wherein the protection layer 
further comprises a third portion contacting a sidewall of the 10 
tunnel barrier , wherein the third portion further comprises a 
second compound material of the doping element and all 
elements of the tunnel barrier . 

19. The device of claim 16 , wherein the protection layer 
has an upper portion having a first thickness , and a lower 15 
portion having a second thickness smaller than the first 
thickness . 

20. The device of claim 16 further comprising a bottom 
electrode and a top electrode over the bottom electrode , 
wherein the MTJ is between the bottom electrode and the top 20 
electrode , and wherein the protection layer extends to a level 
between a top surface and a bottom surface of the bottom 
electrode . 


